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High ResolutionSchottky CdTeDiodeDetector
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KazuhiroNakazawa, Yuu Okada, Minoru Funaki,RyoichiOhnoandKunishiroMori

Abstract—
We describerecentprogresson the useof Schottky CdTe diode detec-

tors for spectrometry. The low leakagecurrent of the CdTe diode allows
us to apply a much higher bias voltage than was possiblewith previous
CdTe detectors. For a relatively thin detector of 0.5–1mm thick, the high
bias voltageresultsin a high electric field in the device. Both the improved
charge collection efficiency and the low-leakagecurrent lead to an energy
resolutionof better than 600eV FWHM at 60 keV for a 2 � 2 mm

�
device

without any charge-losscorrection electronics. Large area detectorswith
dimensionsof 21 � 21 mm

�
are now available with an energy resolutionof� 2.8keV. Long term stability canbeeasilyattained for relatively thin ( � 1

mm) detectors,if they are cooledor operatedunder a high bias voltage.
Keywords—CdTe,CdZnTe,Pixel Detector, Gamma-ray, X-ray.

I . INTRODUCTION
�

NERGY resolutionis onethe most importantcharacteris-
tics of semiconductordetectors.The high stoppingpow-

ersof CadmiumTelluride (CdTe) andCadmiumZinc Telluride
(CdZnTe),comparablewith thatof NaI(Tl) andCsI(Tl), arevery
attractive featuresfor the next generationof gamma-raydetec-
tors (seereview [1], [2], andreferencestherein).However, de-
spitelong-termefforts for their improvement,it is only recently
that high resolutionCdTe and CdZnTe detectors,with energy
resolutionbetterthana few keV (FWHM), have becomeavail-
able. Amongthem,CdTe andCdZnTe detectorswith very low
leakagecurrenthavebeendevelopedby severalgroupsthorough
theuseof diodestructureeitherby a blockingelectrodeor PIN
structure[3],[4], [5], [6], [7].

We have reporteda significantimprovementin the spectral
propertiesof CdTe detectors[5], [6], [8]. Thedetectoris based
onthehighqualitysingleCdTecrystalmanufacturedby ACRO-
RAD, Japan.With theuseof indium (In) andplatinum(Pt) for
theanodeelectrodeandthecathodeelectrode,respectively, we
canoperatethedetectorasa Schottky diode(CdTe diode).The
very low leakagecurrentof theCdTe diodeenablesusto apply
a high electricfield to ensurecompletechargecollectionin rel-
atively thin ( � 1mm) devices. The improvementof theenergy
resolutionby adoptingthe Schottky junction is drastic. Never-
theless,oncethediodeis formed,thedetectorshows thedegra-
dation of gain and resolutionwith time (���
	����������������� ) under
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certainoperatingconditions. Both a high electricfield of sev-
eral kV cm��� anda low operatingtemperature(below several�
C ) ensurestability on time scaleslongerthanweeks[5], [6].

In this paper, we report the recentprogressmadeon high res-
olution Schottky CdTe diodesanddescribetheresultsobtained
from prototypedetectorsto beusedin futurespaceapplications.

I I . THM GROWN CDTE DETECTOR WITH PT/CDTE/PT

ELECTRODE CONFIGURATION

Theuniformchargetransportpropertiesof thewaferarevery
importantaspectsnot only for fabricatinglarge areastrips or
pixel detectorsbut alsofor constructingalargescalegamma-ray
camerawith many individual detectors.TheCdTe crystalused
hereis thesinglecrystalgrown by theTravelingHeaterMethod
(THM-CdTe) by ACRORAD [13], [14]. Grainboundariesand
Te inclusions,which degradethe spectrum,arevery rare. The
electricalresistivity of � 1 � 10��� cm (p-type) is achieved by
compensatingthe native defectswith Cl. The crystal is large
enoughto obtain(11 1)-orientedsinglecrystalwaferswith areas
aslargeas20 � 20 mm .

Figure 1. shows the  "!#� Am spectrum obtained from
Pt/CdTe/Ptat25

�
C with a2mm � 2mmCdTedetectorof thick-

ness1 mm togetherwith the spectrumtaken after 60 minutes.
With anelectrodeconfigurationusingplatinum(Pt)for bothside
of electrodes,we canoperatethe detectoras the usual“solid-
ionizationchamber”withoutpolarity. Accordingto theanalysis
describedin [12], we obtainedthe mobility-lifetime products
( $�% ) of 2 & 3 � 10 ��' cm /V and3 & 5 � 10��( cm /V for elec-
tronsandholes,respectively. As shown in Fig. 1, the detector
is free from problemswith stability as long as the Pt/CdTe/Pt
electrodeconfigurationis used.

I I I . HIGH RESOLUTION CDTE DIODE WITH IN/CDTE/PT

ELECTRODE CONFIGURATION

In the semiconductordetector, the numberof electronand
hole pairs producedby the interactionof X-rays andgamma-
raysis large in comparisonwith that for scintillation counters.
For100keVgamma-rays,theaveragenumberof pairsisaslarge
as22,000for CdTe. If we assumea Fanofactorof 0.15[16],the
theoreticalenergy resolutionis 500eV at100keV. To reachthis
resolution,themostimportantfactoris to reducetheelectronic
noise. The noisestronglydependson the leakagecurrent,and
so it is importantto suppressthis. One solution is to form a
Schottky barrierat theinterfacebetweenthesemiconductorde-
vice andtheelectrode.With a combinationof anohmiccontact
on theothersideof thedetector, we canoperatethedetectoras
adiode,whichexhibitsvery low leakagecurrentwhenweapply
thereversebias.

SincetheCdTe materialgrown by ACRORAD hasp-typere-
sistivity, a low work-function metal, suchas indium (In), can
be usedto form a Schottky barrier. For the CdTe diode used
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Fig. 1. )�*,+ Am spectraobtainedwith theCdTedetectorin Pt/CdTe/Ptelectrode
configurationoperatedat 25 - C (solid line). Thedetectorhasa surfacesize
of 2mm . 2mmandathicknessof 0.5mm. Thetimeconstantof theshaping
amplifieris 0.5 / s. Filled circleshows thespectraobtained60min afterthe
biaswasapplied.

Fig. 2. Current-voltage (I-V) characteristicsof the Schottky CdTe diode
(In/CdTe/Pt electrodeconfiguration)at different operatingtemperatures.
The detectorhasdimensionsof 2 . 2 mm) anda 1 mm thickness.A pos-
itive biasis appliedon theIn electrode.

here, In is evaporatedon the Te-faceof the wafer undervac-
uum [15]. On the oppositeface(Cd face),a thin layer of Pt
is formed by electro-lessplating. As shown in Fig. 2 of [6],
the detectorshows current-voltagecharacteristicstypical of a
diode. A significantsuppressionof the leakagecurrentis ob-
tainedin the reversebiasoperationof the In (anode)/CdTe/ Pt
(cathode)configuration.As shown in Fig. 2,theleakagecurrent
of the2mm 0 2mm 0 1mmdetectoris 1 nA at 25 1 C and4 pA
at 2 25 1 C underabiasvoltageof 300V.

Onepossibledrawbackof thecurrentSchottky CdTediodeis
the long-termstability, especiallyfor a thick detector[15], [5],
[6] (thicker thana few mm). Despitethelong-termstability we
achieved for a CdTe detectorwith ohmic contacts(Pt/CdTe/Pt
configuration),we experienceddegradationof gainandresolu-
tion with time, very similar to the effect known as “polariza-
tion”[9], [10], [11], from theCdTediode.Fig. 3 (top)showsthe
changeof the 3"4#5 Am spectrumof a 1 mm thick CdTe diodeop-
eratedat roomtemperature(25 1 C ) undera relatively low bias

voltageof 400V. Thepeakstartedto drift afterseveralminutes
of operationand smearedaway after 60 minutes. After stud-
iesof variousoperatingconditions,we finally found thata low
operatingtemperature(below several 1 C ) and/ora high elec-
tric field of several kV/cm (Fig. 3 (med))ensuresthe stability
on time scaleslongerthana week[5], [6]. (seealso[3] for the
effect of low temperatureoperationof different type of CdTe
diode).For a0.5mmthick detector, only averysmallchangeof
thespectrumis noticedin operationat 25 1 C , if thebiasvolt-
ageof 400V, which correspondsto an internalelectricfield of
8 kV/cm, is applied(Fig. 3 (bottom)). Quantitative discussion
abouttheeffect of high biasvoltagefor the suppressionof po-
larizationin the Schottky CdTe diodewill be describedin our
next paper(Eisenet al. in preparation).

Little is known aboutcontrol of the barrierheight for CdTe
andCdZnTe. This is differentto thesituationfor GaAs,which
is widely usedin compound-typesemiconductorsin otherfields.
However, wehaveachievedsomelevel of understandingof both
the mechanismof the polarizationand the surfaceconditions
for obtaininggoodperformance.Accordingto recentstudiesin
ACRORAD, thethermalprocesswhich is usedduringIn evapo-
rationplaysakey rolein realizingastablecontactattheIn/CdTe
interface.Thedetectorshowsthebestperformanceif athin InTe
layer is formed at the interfaceas a heterojunction. We also
found that the leakagecurrentis high if we depositIn on the
Cd-face[6], consistentwith thefactthatweneedaTesurfaceto
form a goodInTe layer.

Dramaticimprovementin bothspectralresolutionandstabil-
ity canbeobtainedwith arelatively thin detectoroperatedatlow
temperature.As demonstratedin Fig. 4, anenergy resolutionof
530 eV (FWHM) for the 14 keV line from 36475 Am is achieved
from thedetectorwith dimensionsof 2mm 0 2mmanda thick-
nessof 1 mm, operatedat 2 25 1 C . Theappliedbiasvoltageis
300V andtheresultantleakagecurrentwas4 pA. Underthese
conditions,thedetectorshowedthe samespectralperformance
for morethan24hours.

Anotherimportantreasonfor adoptingthin devicesis thatwe
canapplysufficient biasvoltageto collectall chargesproduced
in the detector. The 0.5 mm thick CdTe diode becomesfully
active for appliedvoltagesof 300V. Undertheseoperatingcon-
ditions, even holesgeneratednearthe anodefacecanbe com-
pletelycollected[6], [17], [18]. Thereductionof thelow-energy
tail even in 662 keV line from 568"9 Cs resultsin a resolutionof
2.1keV (0.3%) (Fig. 3 in [17]), whichis closeto thetheoretical
limit by assumingaFanofactorof 0.15.

IV. LARGE AREA CDTE DIODE DETECTORS

For the applicationof CdTe semiconductorsto gamma-ray
detectionin fields suchasnuclearphysicsandastrophysics,a
detectorcapableof coveringat leastseveralhundredcm3 is de-
sirable.A simplesolutionis to usea largeareaCdTediodewith
planarelectrodes.We have developedsucha detector, which
hasanareaof 21.5 0 21.5mm3 usingthe0.5mm thick device.
A pictureof thedetector, whichwasusedfor ourballoonexper-
iment in 2001,is shown in Fig. 5. The detectoris mountedin
a thin ceramiccase,so that we canstackthemto increasethe
effectiveareafor energiesup to 300keV.

In order to obtain high energy resolution from a detector
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Fig. 3. The changeof :�;,< Am spectraobtainedfrom 1 mm thick and0.5 mm
thick CdTe diodesat differentbiasvoltages.The detectorsareoperatedat
roomtemperature(25 = C ); (top) 1 mm thick detectorat thebiasvoltageof
400 V, (med)1 mm thick detectorat the biasvoltageof 1000V, (bottom)
0.5 mm thick detectorat the biasvoltageof 400 V. The spectraobtained
whenthebiasvoltageis applied(solid line), after30 minutes(dashedline),
andafter 60 minutes(filled circle) areshown in the samefigure. As the
internalelectricfield increases,thedetectorbecomesmorestable.

Fig. 4. :�;,< Am spectraobtainedwith theSchottky CdTediode.Theappliedbias
voltageis 300V andtheoperatingtemperatureis >@?#A = C . Theenergy res-
olution (FWHM) at 14 keV and59keV is 530eV and810eV, respectively.
Thedetectorhasasurfacesizeof 2mm B 2 mm anda thicknessof 1.0mm.
Thesignalis integratedby aChargeSensitive Amplifier (CP-5109by Clear
Pulse)andshapedby anORTEC571with thetimeconstantof 3 C s. No rise
timediscriminationor pulseheightcorrectiontechniquewasused.

Fig. 5. Pictureof thelargeSchottky CdTediodewith dimensionsof 21.5mm B
21.5mm B 0.5mm.High purity ceramicis usedto minimizethebackground
from thecase,which couldbea problemwhenthedetectoris operatedin a
very low backgroundenvironment.

larger than a few cmD , homogeneitythroughoutthe detector
planeis of particularimportance.Fig. 6 shows D6E7F Am spectra
taken througha tungstencollimatorwith a 1mm-hole.Thede-
tectorwasoperatedat G 20 H C andunderabiasvoltageof 300V.
Thedetectorhasa capacitanceof 100pF anda leakagecurrent
of 30pA. To minimizenoisefrom thedetector, thetimeconstant
of the shapingamplifier wasset to 6 I s. As demonstratedin
Fig.6, thedetectorshowsveryniceresolutiontogetherwith per-
fectuniformity. Thelocationof thepeakin thepulseheightdis-
tribution agreeswithin 0.1%. Theenergy resolutions(FWHM)
arealmostidenticalandrangefrom 2.71keV to 2.78keV. The
energy resolutionof 2.73keV wasobtainedwhenwe irradiated
thewholeareaof thedetectorwithout usinga collimator.

V. APPLICATION OF CDTE DIODE FOR GAMMA-RAY

DETECTION

A. A stacked CdTe detector

The stoppingpower for gamma-raysof CdTe is higherthan
NaI(Tl) or CsI(Ti), andthereforetheenergy resolutionof J 1%
attainedby theCdTe diodeat moderateoperatingconditionsis
veryattractive. However, whenwe increasethethicknessof the
CdTe/CdZnTedetectorto improvetheefficiency for highenergy
gamma-rays,theeffectsof incompletechargecollectionbecome
significant.As shown in Fig.6 in [1], thegamma-raypeakstruc-
tureis smearedout almostcompletelywhenwe irradiateK -rays
from the anodefaceof a 2 mm thick CdZnTe detectorwith a
planarelectrode.We, therefore,proposedthe ideaof a stacked
detector, in whichseveralthin andlargeCdTediodesarestacked
togetherandoperatedasa singledetector[8], [18].

Fig. 7 shows the energy spectrumof F6L"L Ba K -raysobtained
from thestackdetectorwhich consistsof 10 layerswith a total
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Fig. 6. M�N,O Am spectraobtainedat locations1, 5, and9 of the large Schottky
CdTediodeoperatedat P 20 Q C . Thetimeconstantof theshapingamplifier
was6 R s. Thedetectorcapacitanceincludingthecableandtheconnectorof
thehousingis measuredto be S 100pF.

Fig. 7. O�T�T Ba spectrum obtained from the stacked CdTe detector atP 20 Q C undera bias voltageof 300 V. The stacked detectorconsistsof
10 layersof a large Schottky CdTe diode with dimensionsof 21.5mm U
21.5mmanda thicknessof 0.5 mm. Togetherwith thecombinedspectrum
from all 10 layers,thespectrumfrom thefirst layerandthe spectrumcon-
structedfrom thefirst threelayersareshown.

Fig. 8. Pictureof a prototypeCdTe pixel detectorwith the readoutintegrated
circuits. Theinsertshow theradiographicimageof a leadobjectirradiated
by gamma-raysfrom V�W Co.

thicknessof 5 mm operatedat X 20 Y C . The appliedvoltage
is 300 V. In the stacked detector, the signalfrom eachlayer is
processedindependently. Insteadof just summingall outputs
from 10 layers,we selectlayersin which thesignalexceedsthe
thresholdlevel of thediscriminator. Thebestenergy resolution
can be attainedif we collect eventswhich triggeredonly one
layer, becausewe do not have a contribution from the noisein
other layers. As clearly shown in Fig. 7, a very high peak-to-
valley ratio can be obtainedfrom the stacked detector. Since
thedetectoris very modular, thedetectionof gamma-raysup to
a few tensof MeV is easily achieved by simply addingmore
stacks.

B. The CdTe pixel detector

Thehigh energy resolutionof theCdTe diodeis very attrac-
tive for hardX-ray andgamma-raydetection.In addition,good
positionalresolutionis of greatimportance.We havedeveloped
the first prototypepixel detectorusing large areaCdTe diodes
(15mm Z 15mm)[17]. A pictureof thepixel detectorsystemis
shown in Fig.8 togetherwith theimageof aleadobject(a“star”
with a holein thecenter)placedon thebackof thedetectorand
irradiatedwith the122keV [ -rayline from a \,] Cosourceby se-
lectingeventsunderthe122keV photopeak.By usinga newly
developedtechnologyfor gold-studbump bonding,eachpixel
of theCdTedetectoris bondedto thefanoutboardconsistingof
bumppadsandpatternsto routethesignalfrom the pads.The
signalsfrom the detectorareextractedand fed into 128 input
ASICswhich arewire-bondedto thefan-outboard.

C. Large area 1024-array detector

Imaging detectorsfor gamma-rays,especiallyfor gamma-
rayswith energiesaroundthe 511 keV annihilationline, area
major goal in variousfields includingmedicalapplications.In
orderto havesufficientdetectionefficiency for the511keV line
by CdTeandCdZnTe,thedetectorshouldbeatleast5 mmthick.
However, the current technologyof making thick monolithic
pixeldetectors,for imagingdetectorwith dimensionslargerthan
30mm Z 30mm,is still immaturein termsof the crystalfabri-
cationandthereadoutelectronics.

Therefore,wearenow developingalargearraydetectorcom-
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Fig. 9. Energy spectrumof ^�_ Co obtainedwith a singleelementof the1024-
arraydetector. Thedetectorhasdimensionsof 1.2mm ` 5.0mmandathick-
nessof 1.2 mm. As shown in the inserts,anedge-ongeometryis usedfor
eachdetectorto improvethedetectionefficiency by keepingthegoodenergy
resolutionof theCdTediode.Thirty-two rowsof 32 individual detectorsare
combinedinto onelargedetector.

posedof 1024 individual CdTe diodes,which will be usedas
a part of new generationComptontelescopeplannedat ISAS,
Japan. The each detectorhas the dimensionsof 1.2mm a
5.0mmanda thicknessof 1.2 mm (Fig. 9). As shown in the
insertof ths figure, an edge-ongeometryis usedfor the injec-
tion of gamma-rays.This geometryhasan advantageover a
face-ongeometry, becausethe distancebetweenthe two elec-
trodescanbe kept small, andwe canthereforeapply the high
biasvoltagewhich is necessaryto achieve thehigh energy res-
olution (by reducingthelow energy tail) andalsoto sustainthe
long-termstability of theCdTe diode.As shown in Fig. 10, the
detectorhas32rows,eachconsistingof 32 individualelements.
The total areacoveredby thedetectoris 44 mm a 44 mm (in-
cluding gapsbetweeneachelement).The spatialresolutionof
1.2 mm is givenby the cross-sectionof the individual detector
element.In comparisonwith themonolithic typedetectorwith
pixellatedelectrodes,the uncertaintyof the positiondueto the
charge sharingamongthe adjacentpixels doesnot take place.
Theenergy resolutionof 1.4keV wasachievedusinga conven-
tional pre-amplifierfor operationat b 20 c C . Thedevelopment
of thereadoutelectronicsbasedonalow-noiseASIC with many
inputsis now underway. Theapplicationof thesametypeof the
detectorfor medicalapplicationshasbeenreportedelsewhere.

VI . CONCLUSION

With a Schottky junctiondevelopedon theTe faceof a high
quality CdTe semiconductorby evaporatingindium, we have
beenable to achieve a CdTe diodefeaturingvery high energy
resolution. The detectorsshow the bestperformancewhenwe
usea relatively thin detectorof d 1 mm. Thehigh energy res-
olution of the CdTe diodeis very attractive for hardX-ray and
gamma-raydetection. Especially, a large CdTe diodewith di-
mensionslarger than20 a 20 mme hasthepotentialto replace
scintillationdetectorsdueto its highstoppingpowerandenergy
resolutionof f 3 keV at 100keV. Many conceptsbasedon high
resolutionCdTe diodesarenow being investigatedandproto-
typedetectorsarebeingdeveloped.Commercialapplicationof

Fig. 10. A picture of the first prototypelarge 1024-arraydetectorbasedon
the high resolutionCdTe diode. The padsfrom electrodesfor the 1024
individual elementsareshown. The total areacoveredby the detectoris
38.4 ` 38.4mmg .

theSchottky CdTediodeis reportedin [20].
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